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Proteins can be localized either by inclusion or
exclusion, and the Par polarity proteins illustrate both
mechanisms. Cdc42 recruits Par-6 to a limited region
of the plasma membrane. Par-6 recruits Par-3, which
is actively removed from other regions by Par-1 and
Par-5. Inclusion and exclusion together ensure
efficient segregation of the polarity proteins.
The construction of a multicellular organism requires
the choreographed polarization of its constituent cells
so as to generate organized structures and diverse cell-
types. Cell polarization usually originates from extrinsic
cues which are interpreted by signaling pathways and
co-ordinated by the intrinsically asymmetric units of the
cytoskeleton — the actin microfilaments and tubulin
microtubules. The outputs from this signal transduction
pathway include the organization of distinct cortical
domains, the formation of intercellular junctions, polar-
ized secretion, changes in cell shape and the segrega-
tion of cell fate determinants.
Polarity Participants
A classic example of polarization is the formation of
epithelia, which have distinct apical, lateral, and basal
membrane domains [1,2]. Several groups of proteins
have been identified that are required to define these
domains, and the proteins themselves are localized in
a polarized fashion. One such group, the Par proteins,
has been conserved throughout metazoan evolution
and plays essential roles in many distinct contexts to
establish cell polarity; well-studied examples are the
zygote of the nematode Caenorhabditis elegans,
neuroblasts of the fruitfly Drosophila, and neurons and
epithelial cells of mammals [3]. But the interconnec-
tions between the Par proteins that drive their local-
ization and transduce the polarity signals have
remained obscure.
What are the initial cues that trigger polarization?
What signals then segregate the Par proteins into
different locations and generate boundaries between
them? What processes maintain this segregation? And
what do the Par proteins do to promote polarization?
Two new papers [4,5] have now established an impor-
tant functional link between distinct Par complexes,
and sketch an outline of the signaling mechanism of
which they are a part.
Key players in this story are Par-6 and its partners:
the Cdc42 GTPase, atypical protein kinase C (aPKCs
λ and ζ in vertebrates), Pals1, Par-3 and Lgl. Par-6
functions as a targeting subunit for aPKC. Two
recently identified players are a protein kinase called
Par-1, and Par-5, which belongs to the 14-3-3 family
of phosphoserine-binding proteins.
Somehow, these proteins organize themselves and
each other into complexes that localize to specific
domains in the cell. For instance, Par-1 localizes to the
lateral membranes of epithelial cells, while Par-6, aPKC
and Par-3 localize either to the apical surface (in
Drosophila) or to tight junctions (in mammalian epithe-
lia). These arrangements are critical for the establish-
ment of other polarized aspects of the cells, as
mis-localization or loss of expression of the proteins
disrupts normal morphological maturation.
A Partial Polarity Pathway 
A priori one can envisage two distinct modes for
segregating proteins within a cell: inclusion (or recruit-
ment) and exclusion. Recruitment is the positive attrac-
tion of a protein to a previously marked position, such
as a cell–cell junction. Exclusion involves either steric
hindrance — so that the protein molecules cannot enter
some designated area — or active removal, for example
by tagging and displacing or sequestering inappropri-
ately localized protein.
Both of these mechanisms appear to operate co-
operatively to organize the subcellular distribution of
Par proteins and their partners. Near the beginning of
the polarity signaling pathway is Cdc42 (Figure 1). In
cells as diverse as the budding yeast Saccharomyces
cerevisiae and neutrophils, this GTPase is recruited to
a specific locus at the cell cortex. In budding yeast
cells, a guanine nucleotide exchange factor (GEF)
called Cdc24 promotes recruitment of Cdc42–GTP [6],
while in neutrophils the GEF Pixα probably performs
this function, acting in response to extrinsic cues that
break symmetry [7]. Both the GEF and activated
Cdc42–GTP might subsequently be stabilized at the
cortex by scaffold proteins. Important unanswered
questions concern the identities of the GEFs and scaf-
fold proteins that operate in epithelial morphogenesis,
in the C. elegans zygote, and in other contexts.
A plausible scenario, supported by studies of
epithelial polarity and astrocyte migration [8,9], is
that Cdc42–GTP then recruits the Par-6–aPKC
complex (Figure 1). Another polarity protein, Pals1,
might facilitate attachment of this complex to the
target site. Pals1 is part of a complex that resides at
the apical-lateral junction in epithelial cells, and it
recognizes Par-6 in a Cdc42-dependent manner [10].
But why bring Par-6 to this site? One reason is to
permit aPKC to phosphorylate cortical substrates.
For example, several groups have found that the Par-
6–aPKC complex phosphorylates a polarity protein
called Lgl [11–13]. In Drosophila, this has an interest-
ing consequence. Lgl resides predominantly on the
lateral membranes of epithelial cells, and in neurob-
lasts it is responsible for ensuring that certain cell
fate determinants localize to the basal surface. Lgl is
inactivated by phosphorylation and released into the
cytoplasm. This inactivation excludes the cell-fate
determinants from the apical surface [11].
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Another Par protein, Par-3, has also been identified
as a substrate of aPKC [14,15], but the role of this
phosphorylation is still unclear. It releases Par-3 from
association with the kinase, but Par-3 remains resident
in the same membrane domain as the aPKC–Par-6
complex, and non-phosphorylated mutant forms of
Par-3 do not show localization defects. So what does
govern Par-3 localization? The new papers from Hurd
et al. [5] and Benton and St. Johnston [4] offer insights
into this question. Both identify additional phosphory-
lation sites on Par-3 that recruit yet another Par protein,
Par-5, a 14-3-3 protein that recognizes phosphorylated
serine residues within specific sequence contexts. 
14-3-3 proteins form dimers that often work by steric
hindrance of other binding partners. For example, they
can obscure nuclear localization signals and thereby
trap phosphorylated proteins in the cytoplasm. In the
case of polarity proteins, Benton and St. Johnston [4]
showed that the binding of 14-3-3 to Drosophila Par-3
phosphorylated on serine 151 blocks oligomerization
of the protein. A conserved amino-terminal domain in
Par-3 is responsible for the protein’s oligomerization,
and is required for normal localization [16,17]. Expres-
sion of a mutant Par-3 that cannot be phosphorylated
at serine 151 disrupts the polarization of mammalian
epithelial cells [5].
The second phosphorylation site in Par-3 is adjacent
to the aPKC-binding domain, and 14-3-3 binding to this
site blocks the association of Par-3 with aPKC. Muta-
tions in either or both of these sites misdirect the
Drosophila Par-3 — and attached Par-6 — to the lateral
membranes. Importantly, it is not the phosphorylation
per se, but the attachment of 14-3-3 to the marked sites
on Par-3, that disrupts self-association and aPKC
binding, and in mammalian epithelial cells the over-
expression of 14-3-3ζ causes a severe polarity defect. 
What phosphorylates Par-3? Benton et al. [18] had
previously found that 14-3-3 mutations phenocopy the
effects of mutations of the protein kinase Par-1 in the
Drosophila germline. Moreover, Par-1 can itself bind
to 14-3-3 and also generates 14-3-3 binding sites on
its targets. These results clearly pointed to Par-1 as a
likely candidate, and indeed Benton and St. Johnston
[4] report evidence that Par-3 is a direct target of Par-
1. In epithelial cells, Par-1 localizes to the lateral mem-
branes. So it appears that Par-3 is excluded from the
lateral domain by the combined actions of Par-1 and
Par-5–14-3-3, which together displace aPKC and
prevent self-association of the Par-3 (Figure 1).
The Future
There are a number of unanswered questions about
this signaling pathway. For example, what prevents
Par-1 from migrating up to the apical surface and inap-
propriately phosphorylating Par-3 there? Is there a
complementary exclusion mechanism, through which
Par-1 at the apical surface is phosphorylated, hooked
to 14-3-3 and removed or inactivated (Figure 1)?
Intriguingly, in the C. elegans zygote, Par-1 is excluded
from the anterior domain by Par-3 and Par-6 [19].
Perhaps the aPKC–Par-6 complex phosphorylates Par-
1 and ejects it from the anterior domain.
Are there other kinases that can perform the same
function as Par-1? Again using C. elegans as an
example, par-5 mutants are defective in excluding
Par-3 from the posterior of the zygote, even though
par-1 mutants are not [19]. One interpretation of this
difference is that a kinase distinct from Par-1 acts in
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Figure 1. A model for the signal-mediated
polarization of the Par proteins. 
(1) An extrinsic cue (?) is proposed to
switch on a guanine-nucleotide exchange
factor (GEF), which then activates Cdc42 at
a specific location on the cell cortex, such
as the leading edge of a migrating cell or
the apical junction of an epithelial cell. (2)
Cdc42–GTP then recruits the Par-6–aPKC
complex to the cortex, where it might be
stabilized by other polarity proteins such
as Pals1 (not shown). (3) Par-3 is recruited
by Par-6 and aPKC, and (4) is phosphory-
lated. (5) Phosphorylation releases the Par-
3 from aPKC — although it may remain
attached via Par-6 — and it diffuses down
the lateral membrane. (6) The Par-1 kinase
is present on the lateral membrane and
phosphorylates Par-3. 14-3-3 (Par-5)
dimers bind to the phosphorylated sites on
Par-3, displacing aPKC/Par-6 and disrupt-
ing Par-3 oligomers, which we suggest
might release the Par-3 into the cytoplasm,
thereby excluding it from the lateral
domain. (7) Par-1 can also be phosphory-
lated (perhaps only at the apical surface),
and binds to 14-3-3, which we speculate
releases it from the membrane and/or
inhibit its kinase activity. This would
exclude active Par-1 from the apical
domain and prevent the inappropriate
phosphorylation of Par-3. 
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the initial stages of polarization to phosphorylate Par-
3, but its identity is unknown.
A third question concerns how Par-1 is activated. A
protein kinase named MARKK has been identified that
can phosphorylate and activate a mammalian Par-1
homologue [20], but it is not yet known if a similar sig-
naling pathway exists in flies or worms, and whether
this pathway functions during cell polarization. There
may be multiple inputs that control both Par-1 activity
and localization. A fourth question concerns the mode
of attachment of Par-3 to the cell cortex: why do mutant
forms of Par-3 migrate to the lateral membranes? Is the
connection direct, or mediated through Par-6? 
Finally, and more generally, how universal is the co-
operation between inclusive and exclusive mechanisms
to establish tight boundaries between cellular domains?
Is phosphorylation and 14-3-3 binding a widespread
mechanism for regulating exclusion? Hopefully, lessons
learned from the Par proteins will turn out to be applic-
able in many other contexts.
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